The organic light-emitting diodes with triple hole-blocking layer (THBL) formation sandwich structure which generate white emission were fabricated. The 5,6,11,12-tetraphenylnapthacene (Rubrene), (4,4 -N,N -dicarbazole)biphenyl (CBP), and 4,4 -bis(2,2 diphenylvinil)-1,1 -biphenyl (DPVBi) were used as emitting materials in the device. The function of CBP layer is not only an emitting layer but also a hole-blocking layer (HBL), and the Rubrene was doped into the CBP. The optimal configuration structure was indium tin oxide (ITO)/Molybdenum trioxide (MoO 3 ) (5 nm)/[4,4-bis[N-(1-naphthyl)-N-phenylamino]biphenyl (NPB) (35 nm)/CBP (HBL1) (5 nm)/DPVBi (I) (10 nm)/CBP (HBL2) : Rubrene (4 : 1) (3 nm)/DPVBi (II) (30 nm)/CBP (HBL3) (2 nm)/4,7-diphenyl-1,10-phenanthroline (BPhen) (10 nm)/Lithium fluoride (LiF)/aluminum (Al). The result showed that the device with Rubrene doped in CBP (HBL2) exhibited a stable white emission with the color coordinates of (0.322, 0.368), and the coordinate with the slight shift of ±Δ , = (0.001, 0.011) for applied voltage of 8-12 V was observed.
Introduction
The white organic light-emitting diodes (WOLED) have attracted considerable attention in recent years due to their widely used applications such as full-color displays and solid-state lighting sources [1] [2] [3] . Many approaches have been tried to realize full-color displays, and it requires three basic emitting colors, red, green, and blue [4] [5] [6] . The white emission is usually obtained by using doping method, which is red, green, and blue (RGB), or the doping of two complementary colors (blue and yellow) into respective host layer [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In recent years, the 5,6,11,12-tetraphenylnapthacene (Rubrene) is widely used as yellow material, which has better light emitting efficiency, high color saturation, and strong charge carriers capture efficiency. In addition, the photoluminescence (PL) quantum efficiency of Rubrene can be near 100% [18] [19] [20] [21] . Wang et al. utilized the structure of [4,4- : Rubrene/ and introduced a bipolar transport CBP layer between fluorescent and the phosphor-sensitizedfluorescent layer, resulting in the CIE coordinates of (0.22, 0.33) [22] . Among various configurations for WOLED, the multiple hole-blocking layers (HBL) structure has been proved to be an effective approach for high performance of device, by confining charge carriers and exciton within the multiple emitting layers (EML); thus the charge carrier recombination efficiency and exciton formation can be enhanced [23] [24] [25] [26] [27] . In this study, the WOLED was obtained by using structure of triple-hole blocking layer (THBL), which consisted of three CBP layers. It has excellent electrons transport and holes blocking ability. The CBP layer doped with Rubrene can effectively control the carrier recombination in the emitting layer that will favor the white light emission. It is due to the fact that the highest occupied molecular orbital (HOMO) of CBP is higher than that of Rubrene. However, we used the THBL structure so that the carrier can be effectively confined and controlled at the interface of CBP/DPVBi, resulting that the CIE color coordinates of devices can be close to the standard CIE of white light emission. Simultaneously, the mechanism of devices with different Rubrene doped CBP layers is presented.
Experimental Part
The indium tin oxide (ITO) coated glass with a sheet resistance of approximately 15 Ω/sq was consecutively cleaned in ultrasonic bath containing detergent water, acetone, ethanol, and deionized (DI) water for 20 min each and then dried with a nitrogen (N 2 ) flow. The organic materials used in the study are NPB (99%, E-Ray), CBP (97%, Aldrich), DPVBi (99.9%, Lumintech), 4,7-diphenyl-1,10-phenanthroline (BPhen) (99%, E-Ray), and lithium fluoride (LiF) (≧99%, Aldrich), which were without further sublimation. All of the deposition procedures involved thermal evaporation in a vacuum chamber (<10 −6 Torr). The organic layers were sequentially evaporated onto the ITO coated-glass substrate. The deposition rates of all organic materials were monitored by an oscillating quartz thickness monitor (Sigma, SID-142). The deposition rates were about 0.2∼0.5Å/s for organic layers and 5Å/s for cathode aluminum (Al) and LiF. The schematic structures of devices are shown in Figure 1 . The CIE coordinates, electroluminescence (EL) spectra and luminance, were measured by the photospectrometer (Kollmorgen Instrument PR-655, USA) and the current-voltage characteristics were simultaneously measured by the programmable power source (Keithley SourceMeter 2400, USA), controlled using computer software (Chief I-V-L system, Taiwan). All measurements were carried out at room temperature under ambient.
Results and Discussion
The schematic energy band diagrams of devices are shown in Figure 2 . In the device, the NPB is used as hole-injecting layer and hole-transport layer. The CBP layers are used as the EML and the HBLs. In Figure 2 , HBL1, HBL2, and HBL3 represented the HBL that was close to the anode side, in the middle, and close to cathode, respectively, which forms the so-called THBL that can control the carrier recombination in the EML to adjust the emission color of devices. The Rubrene is used as a guest doping material to emit the yellow light for achieving the white light emission, and the DPVBi is used as blue-emitting layer. The Rubrene is doped into the CBP layer rather than the DPVBi layer. This is due to the fact that CBP has higher carrier trapping ability than that of DPVBi. Nevertheless, if the Rubrene is doped into the DPVBi layer, it will cause the attenuation in luminous efficiency of DVPBi. Figure 3 shows the EL spectra of devices at current density of 100 mA/cm 2 . The peak wavelengths of nondoped device are at 416 nm and 468 nm originating from CBP and DPVBi, respectively. It shows the main peak emission from CBP (HBL1) and minor peak emission from DPVBi (I), which implies that the recombination zone of excitons is at the range of CBP (HBL1) and DPVBi (I). To confirm the excitons recombination zone and to achieve white light emission, the Rubrene is doped into the CBP (HBL1) in device A. The emission peaks of device A are at 460 nm and 564 nm wavelength from DPVBi (I) and Rubrene, respectively. It indicates that most excitons recombination happens within the DPVBi (I) layer and the CBP (HBL1) layer, resulting in the yellow light emission of Rubrene. In addition, the emission peak from CBP (HBL1) in device A has disappeared due to the energy transfer from host to guest, that is, CBP (HBL1) to Rubrene. Furthermore, a part of blue light emitted from DPVBi (I) is absorbed by Rubrene molecular, leading to the reduction in emission peak of DPVBi (I). However, the intensity of yellow light is higher than that of blue light. Hence, in order to reach the balance between intensity of yellow light and blue light, the doping position of Rubrene changed to the CBP (HBL2) of device B, which can prevent the blue light emitted from the DPVBi (I) layer from being absorbed by the Rubrene. As a result, the relative intensity of yellow to blue emission decreases in device B. It is also found that the intensity of blue emission is higher than that of yellow emission, indicating that most of excitons recombination is at the range of CBP (HBL1)/DPVBi (I) while few excitons trapping and formation is at CBP (HBL2) layer. In device C, the Rubrene is doped into the CBP (HBL3), and the intensity of yellow light is almost negligible. It is attributed to the fact that the Rubrene doping layer is far away from the exciton recombination zone, which is consistent with previous discussion. The main excitons recombination zone of device is at the interface of CBP (HBL1)/DPVBi (I), and the intensity of blue emission in device B is higher than that of yellow emission, so the thickness of the DPVBi (I) layer nearing the CBP (HBL1) should be decreased to balance the yellow and blue emission. This is the reason why the device D based on the structure of device B which is fabricated. In device D, the thickness of DPVBi (I) layer decreased to 10 nm and the thickness of DPVBi (II) layer increased to 30 nm. Compared with device B, the yellow intensity in device D is enhanced while the blue intensity is decreased a little. This is due to the fact that the amount of exciton in CBP (HBL2) increases and the amount of exciton in DPVBi (I) layer reduces, resulting from a decrease in the thickness of DPVBi (I) layer. The intensity of yellow emission from Rubrene is almost the same with the intensity of blue emission from DPVBi in device D by adjusting the thickness of DPVBi layer based on the structure of device B. The result shows that the excitons can be confined in the recombination zone by using THBL structure; that is, the holes are confined and accumulated in the HOMO level of CBP (HBL1)/DPVBi (I)/CBP (HBL2) potential well in device D due to the existence of potential barrier at the CBP (HBL1)/DPVBi (I) and DPVBi (I)/CBP (HBL2) heterointerfaces. As a result, the balance of electron and hole can be improved by using the THBL structure, and thus the CIE coordinates stability of device D is achieved.
The current density-voltage, luminance-voltage, and luminous efficiency-current density characteristics of devices were shown in Figure 5 . At a current density of 10 mA/cm 2 , the turn-on voltages are 6.9 V, 9 V, 11.2 V, and 8.2 V for devices A-D, respectively. The turn-on voltage of device A is lower than that of other devices. It is attributed to the fact that the barrier of energy level between NPB and CBP is 0.8 eV and is higher than that of the one between NPB and Rubrene, resulting that the hole in device A can easily inject into Rubrene of bipolar molecules in CBP (HBL1) due to a substantially higher carrier affinity [28] . Besides, it can be seen that the turn-on voltage of device D is lower than that of device B. The phenomenon is attributed to the fact that the DPVBi (I) layer thickness of device D becomes thinner than that of device B, which enables Rubrene in CBP (HBL2) to be more close to the recombination zone of exciton. Furthermore, it is found that the efficiency of device A has a roll-off phenomenon (see Figure 5(c) ). This is due to the fact that there is a peak wavelength of 460 nm in normalized EL spectra and it enhances with the increase at applied voltage of 7-10 V, as shown in inset of Figure 5 (c).
The minority hole blocked by barrier of NPB/CBP (HBL1) will cross the barrier of CBP (HBL1) and inject into DPVBi (I) with the increasing voltage, leading to the decrease of excitons at CBP (HBL1) and the reduction of energy transfer from CBP host to Rubrene guest, and thereby decrease efficiency of Rubrene. However, the whole efficiency of device A is reduced with the increasing current density. In contrast, the roll-off phenomenon is barely for device D. The maximum luminance and maximum luminous efficiency of the device D is 2410 cd/m 2 , 2.05 cd/A at 12 V, respectively. The result indicates that stable luminous efficiency can be achieved by the improved carrier balance (as confining of holes).
Conclusion
In summary, the optimized structure of ITO/MoO 3 (5 nm)/ NPB (35 nm)/CBP (HBL1) (5 nm)/DPVBi (I) (10 nm)/CBP (HBL2) : Rubrene (4 : 1) (3 nm)/DPVBi (II) (30 nm)/CBP (HBL3) (2 nm)/BPhen (10 nm)/LiF/Al which generate white emission was fabricated. The result showed that the device with Rubrene doped in CBP (HBL2) exhibited a stable white emission with the color coordinates of (0.322, 0.368) and coordinates slight shift of ±Δ , = (0.001, 0.011) at applied voltage of 8-12 V. When the thicknesses of DPVBi and CBP layer have too much or less, the properties of WOLED will be variable. Thus, the thicknesses of DPVBi and CBP layer must be properly controlled to achieve the stable color purity and high efficiency of WOLED in THBL.
